Placing colloidal particles in predesigned sites represents a major challenge of the current state-ofthe-art colloidal science. Nematic liquid crystals with spatially varying director patterns represent a promising approach to achieve a well-controlled placement of colloidal particles thanks to the elastic forces between the particles and the surrounding landscape of molecular orientation. Here we demonstrate how the spatially varying director field can be used to control placement of nonspherical particles of boomerang shape. The boomerang colloids create director distortions of a dipolar symmetry. When a boomerang particle is placed in a periodic splay-bend director pattern, it migrates towards the region of a maximum bend. The behavior is contrasted to that one of spherical particles with normal surface anchoring, which also produce dipolar director distortions, but prefer to compartmentalize into the regions with a maximum splay. The splay-bend periodic landscape thus allows one to spatially separate these two types of particles. By exploring overdamped dynamics of the colloids, we determine elastic driving forces responsible for the preferential placement. Control of colloidal locations through patterned molecular orientation can be explored for future applications in microfluidic, lab on a chip, sensing and sorting devices.
MAIN TEXT Introduction
Hybrid soft matter systems, representing colloidal particles dispersed in a nematic liquid crystals (LCs) (1-7) have gained a significant interest over the last decades. The reason is that orientational order of the nematic medium and anisotropy of surface energy at the colloid-nematic interfaces makes the colloidal interactions long-range and anisotropic, thus producing a broad spectrum of ordered patterns. The LC orientational order leads to long-range anisotropic colloidal interactions which can be used to form linear chains, anisotropic clusters, 2D and 3D periodic colloidal assemblies through interactions with flat, curved, templated interfaces and topological defects (3, 5, (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . The LC mediated colloidal self-assembly further expands the spectrum of possible design pathways when combined with the external stimuli such as electromagnetic fields, temperature, or confinement.
.
Usually, the patterns of colloidal assemblies in LCs are considered for two extreme cases, with the background representing (i) a uniform director field (1-4, 6, 7) or (ii) containing topological defects that attract colloidal inclusions to their cores (5, 11-13, 15, 20-25) . The intermediate case,
when the typical scale of director gradients is larger than the size of the colloid, was explored only very recently (26) (27) (28) (29) . Experimental studies of this intermediate case have been enabled by the development of a robust patterned photoalignment technique (28) . In this technique, one irradiates a photosensitive substrate through a plasmonic photomask with a predesign pattern of submicrometer slits; the passing light becomes locally polarized. This polarization pattern is being imprinted into the photosensitive substrate that is used to align the liquid crystal. The approach allows one to create any pattern of the director field with the typical scale of spatial gradients ranging from about 1 micrometer to hundreds of micrometers (28) . As demonstrated by Peng et al (29) , photopatterned nematic cells with the period larger than the colloidal size can be used to 4 guide the spatial placement of spherical colloids with different surface anchoring. The goal of this work is to extend the study to the case of non-spherical particles, such as boomerang-shaped colloids. Controlled assembly of nonspherical colloids is a subject of current studies for both isotropic (30) and LC environments (31, 32) . One of the challenging tasks is to force the particles to occupy certain spatial locations and to align themselves along a preferred direction. In this work, we demonstrate that both the location and alignment of the non-spherical particles such as boomerang colloids can be achieved by using spatially varying director fields, such as splay-bend periodic patterns, Moreover, the predesigned patterns of molecular orientations can also be used to separate particles of different shape, even if the director distortions created by them are of the same symmetry (dipolar in our case).
Results
We use nematic LCs, in which elongated molecules are oriented along a single direction called the director n , with the properties ˆ nn and 2 1  n . The flat nematic cells bounded by two glass substrates which have identical director field of periodic one-dimensional splay div 0  n and bend ˆĉurl 0  nn , modulated along the y -axis, Fig.1a . The director field imposed by the surface photo-alignment contains only splay and bend; there is no twist nor saddle-splay: extend along the y -axis might be the kinetics of their mutual approach, which is driven by the elastic forces acting along the y -axis; furthermore, the opening angle of the used boomerang particles is relatively large which weakens the dipolar interactions. Smaller opening angles might favor assemblies along the x -axis. In the future, it will be of interest to explore whether the variations of the opening angle can be used to control the scenario of assemblies.
Below, we characterize the behavior of individual boomerang-shaped particles in the distorted field of the splay-bend stripes. If one places a boomerang colloid by optical tweezers in any location within the pattern specified by Eq.
(1) and then release it, the boomerang moves towards the regions
, while simultaneously rotating the arms in accordance with the rotating local director, Fig. 1c . This dynamics can be explored in order to deduce the details of the interaction potential between the particle and the underlying landscape of director deformations. The interaction potential between a boomerang colloid and a splay-bend director for our geometry follows from the model proposed by Pergamenshchik (26):
where a is the arm length of the boomerang colloid, 0   is an unknown numerical coefficient that depends on the shape of the boomerang (in particular, its opening angle) as well as on the The force driving the boomerang colloids to the equilibrium location is
Since the Reynolds number in our experiments is small, the driving force is balanced by the viscous drag force 
Solutions of Eq. (6) and Eq. (7) establish how the boomerang's coordinates x and y vary with time. These theoretical dependencies are used to fit the experimental trajectory in Fig. 1a in order to verify the model and to deduce the unknown parameter  . Note that the theory is based on the assumption that the particle has enough time to reach an equilibrium orientation at any transient location; Fig.1c illustrates clearly such an adjustment of the particle to the local director field. This assumption is justified by the fact that the rotational motion is much faster than the translational motion, since the characteristic length of patterned director distortions is much larger than the size of the particle. Simulations of a boomerang colloid in a photo-patterned cell. It is of interest to supplement the analytical consideration above with the numerical simulations in which factors such as finite surface anchoring can be included explicitly. To simulate the boomerang with finite surface anchoring, we introduce a tensorial order parameter Q for the nematic LC, defined as = 〈 − /3〉, with the identity matrix and the ensemble average. The system is then described by the Landau-de Gennes free-energy model. The free energy reads (34)
where A is the scale of energy density, U is related to the thermodynamic property of the nematic LC and L is related to the one-elastic-constant K. W denotes the polar anchoring strength for the , and pattern periodicity = 80 μm. Sorting of colloids with different shapes. As clear from the results presented above, the boomerang particles accumulate in the regions of maximum bend and align themselves with the symmetry plane being parallel to the x-axis. The placement and orientation of the boomerang is a 13 direct result of its shape and the geometry of the surrounding director. Note that the angle between the two arms of the boomerang is larger than 90 degrees; for smaller angles, one might expect a different placement, in the splay regions.
It is of interest to compare the behavior of an obtuse-angle boomerang to that of spheres with perpendicular surface anchoring that also produce dipolar director distortions around themselves. We used polystyrene spheres with the radius 2.5 μm R  covered with a thin layer of a surfactant that yields perpendicular surface alignment of the director. When such a sphere is placed in a uniform nematic, the local radial-like director around the sphere is topologically compensated by a point defect, the so-called hyperbolic hedgehog located either on the right or left hand side of the sphere. Individual spheres with normal anchoring placed in the cell with a periodic splay and bend migrate towards the regions with the maximum splay, 0, , 2 ,...
, as has been already demonstrated in Ref. (29) . When the cell is filled with a mixture of spherical and boomerangshaped particles, the surface-patterned director landscape compartmentalizes them into different regions, despite the fact that in both cases the local distortions around the colloids are of a dipolar type, Fig. 5a . Namely, the normally anchored spheres migrate towards the maximum splay, 
Discussions and conclusions
In this work, we demonstrate the effect of elastic interactions of nonspherical particles with the surrounding weakly distorted director pattern in the form of periodic splay and bend. The interactions lead to preferential placement and alignment of the boomerang particles. Namely, the particles migrate to the regions of a maximum bend and align in a polar fashion, with the curvature of the body adjusting to the curvature of the surrounding director. We quantify the strength of these interactions by measuring the empirical coefficient in the interaction potential. The interactions allow one to spatially separate colloids of different shapes, even if the director distortions created by them are of the same symmetry (dipolar in our case).
The separation is robust in the sense that the trapping potentials that keep the boomerang and spherical particles at different locations are very high, being two orders of magnitude higher than the thermal energy, see also Ref. (29) . In this work, we used only the simplest one-dimensional director patterns in order to illustrate the concept. Because the system is invariant along the x-axis, the demonstrated preferential placement is restricted to the placement along the y-axis, i.e., the direction of the director modulations. To eliminate degeneracy along the x -axis placement, one needs to use two-dimensional director patterns, such as the ones described previously (27, 28) .
Generally, the location and strength of the traps created by the patterned nematic landscape depends on three sets of variables: (i) the size, shape and surface anchoring details of the particle;
(ii) the director pattern and surface anchoring strength of the bounding substrates and, finally, (iii) elastic parameters of the liquid crystal. In some cases, particles of different shape and surface anchoring type might find themselves trapped in similar locations. For example, one might expect that tangentially anchored spheres (29) and boomerang-shaped particles described in this work would both tend to locate in the regions of bend. Such a degeneracy can be mitigated or avoided if the sets (ii) and (iii) of parameters specified above are pre-designed taking into account the specific properties (i) of the colloids that need to be separated. In particular, the above-mentioned patterns with director gradients along both x and y axes are expected to expand the spectrum of colloids that can be placed in the desired pre-determined locations.
To conclude, the photo-patterning surface alignment offers a versatile method to control colloidal assemblies by directing particles of different shapes into predesigned locations and trapping them in these locations with forces that exceed those of entropic nature. Colloidal placement assembly in the photo-patterned templates can be realized at practically any spatial scale without mechanical stimuli (e.g., shearing, pressure gradients) or topographically modified surfaces (38) . The described ability to deterministically pre-design locations of colloidal particles of different shapes in self-assembled patterns can be of importance for the development of microfluidic, electro-optical and sensing devices.
Materials and Methods
We used the nematic MLC6815 and a LC mixture with zero dielectric anisotropy ( 
